Abstract⎯ Rainfall erosivity index (EI 30 ) is widely used in soil erosion models for predicting soil loss. This index consists in the product between the maximum intensity of 30-min rainfall and the total kinetic energy of a precipitation event. The main goal of this study was to characterize the soil erosion in Piedmont (Northwestern Italy), studying the magnitude, frequency, and trends of rainfall erosivity. Rainfall erosivity for twelve stations well distributed over the whole region were firstly computed on the basis of 10-min timeresolution rainfall data using a continuous 17-year series of daily rainfall events. For each station the equation to predict EI 30 from daily rainfall data was calculated, and, using the Nash and Sutcliffe (1970) model-efficiency, the relationships between real EI 30 and modeled EI 30 was validated. The rainfall erosivity model was applied to the long term daily rainfall series of the selected stations, to create annual and seasonal erosivity time series for the climate normal period 1986-2015. Afterwards, the Mann-Kendall non-parametric test statistic to detect time trends in the rainfall erosivity time series was applied. The results have led to the conclusion that the annual rainfall erosivity should have experienced mixed trends in most of the study area, although more than half of the stations did not show a statistical trend.
Introduction
The concept of soil erosion caused by high energy rainfall was introduced by Hudson (1971) and Wischmeier and Smith (1978) where they describe the erosivity (R) like the interaction between the total kinetic energy of a storm and the soil surface (EI 30 ). Rainfall erosivity is one of the six factors in the Universal Soil Loss Equation, developed to predict the soil erosion (Renard et al., 1997) . This equation permits to quantify the ability of rainfall to cause soil loss and is largely used in two of the main prediction models (USLE and RUSLE). The calculation of the erosivity R factor uses breakpoint rainfall intensity data derived from recording rain gauges. Because the limited availability of sub-hourly rainfall data, several study (Ateshian, 1974; Arnoldus, 1977; Richardson et al., 1983; Bagarello and D'Asaro, 1994; Ferro et al., 1991; Renard and Freimund, 1994; Yu and Rosewell, 1996a , 1996b , 1996c Loureiro and Couthino, 2001; Capolongo et al., 2008; Joon-Hak and Jun-Haeng, 2011) developed methods for the estimation of the EI 30 using yearly, monthly and daily rainfall data. Yin et al. (2007) highlighted that the computed R factor will be more accurate with detailed rainfall data. Richardson et al. (1983) , Bagarello et al. (1994) , and Petkovsek and Mikoš (2004) tried to predict rainfall erosivity from daily rainfall (P) using the following exponential relationships: ,
where the two Richardson's coefficients (Richardson et al., 1983) are:
− a, which is considered like the scale factor, and represents the temporal and spatial variability (Richardson et al., 1983) ;
− b, which is considered as a process parameter and is relatively more constant. The value of the exponent b, obtained by means of theoretically based approach approximates 2.0 (Brown and Foster, 1987) , whereas empirical approaches gave values ranging from 1.5 to 2.2 (reference in Bagarello and D'Asoro, 1994; Capolongo et al., 2008) .
In recent times, Borrelli et al. (2016) investigated the spatiotemporal distribution of rainfall erosivity in Italy by using both 30-and 60-min time-step data. They have found high variability in erosivity within the country, with a 97% difference between the lowest and highest values. At regional scale relevant studies have been realised especially for such central-southern regions as Basilicata, Calabry, Sicily and Tuscany (D'Asaro et al., 2007; Capolongo et al., 2008; Vallebona et al., 2014; Capra et al., 2017) .
For Piedmont (Northwestern Italy), 10-min rainfall records are available from 1989 to 2007. By using data from 12 rain gauges well distributed over the regional territory we tested the Richardson et al. (1983) power relationship between rainfall erosivity (EI 30 ) and daily precipitation > 10 mm (P) to create a newly derived daily erosivity index for each of the investigated stations. It is considered really important due to the lack of a similar study for the region. It has to be stressed that Piedmont is largely devoted to agriculture, in particular to grapevine cultivation, with the production of different top-quality Italian wines. More than 53,000 hectares of the region have been covered by vineyards. According to the agricultural statistical database of the Piedmont Regional Administration, almost 90% of the vineyard surface of the region is on hilly areas and near 2% on mountain areas, which are characterized by large estimates of soil loss due to the high erodibility of the soils and the climate (Tropeano, 1984; Luino, 2005; Corti et al., 2011) . On the basis of a recent study of Acquaotta and Fratianni (2013) , both the general decreasing trend of precipitation amounts and the weak increasing trend of rainfall intensity occurred in Piedmont from 1971 to 2000 are giving the idea that the erosive power of daily rainfall events in the region should have increased in recent years.
The objective of this study is:
− to quantify principally the rainfall erosivity temporal pattern in the Piedmont region by applying the newly derived daily erosivity rainfall indexes to the climatologic normal 1989-2015 daily record series of the investigated 12 rainfall gauging stations;
− to generate and evaluate extended historical time series of annual rainfall erosivity for the whole region; − to detect and explain possible time trends in rainfall erosivity.
Study area
Piedmont is a region in the northwestern part of Italy (Fig. 1) and is characterized by a complex territory (Fazzini et al., 2004) . In fact, the geography is 43% mountainous, along with extensive areas of hills (30%) and plains (27%). The hills area is composed by Torino, Langhe, and Monferrato. The plain characterized, at East, by the Po Plain crossed by the longest river in Italy, the Po, and its many tributaries. The alpine mountain area is located on the northwestern Italian border with France and Switzerland (Terzago et al., 2012; Giaccone et al., 2015) .
According to the orientation of the Alps and Apennines in Piedmont, there is a strong geographical differentiation in the rainfall distribution, in fact, the annual rainfalls are more abundant along the Alps, in particular at the north, with peaks above 2000 mm/year . While the drier area is the central sector, the Po Plain, with amounts of even less than 600 mm/year in Alessandria plains and Susa valley with the presence of a great number of foehn days (Fratianni et al., 2009) .
Acquaotta and Fratianni (2013) have subdivided Piedmont into three different climatic regions on the basis of the Bagnouls and Gaussen's method: sub-Mediterranean, temperate and cool-temperate.
The sub-Mediterranean region is located in the Piedmont plain. The region has a subalpine pluviometric regime with a maximum in autumn and spring and a main minimum in winter. The temperate region is characterized by the Piedmont hill, and this area has a prealpine pluviometric regime with a principal maximum in spring and a principal minimum in winter. The cool-temperate region concern the mountain area and has a prealpine pluviometric regime.
Several study developed by the Earth Science Department of Turin show a decrease of consecutive rainy days in the Piedmont plain and hills, a general increase of the annual precipitation, and a positive tendency in the density of precipitation and in the numbers of days. These positive trends make the region particularly prone to severe erosion, with serious consequences on agriculture and grapevine cultivation (Baronetti et al., 2018) .
Materials and methods

Database
Rainfall data recorded with a temporal resolution of 10-minute were obtained from twelve electronic rain-gauge stations of the Agenzia Regionale per la Protezione Ambientale (ARPA) operating in Piedmont. The twelve stations (Boves, Bra, Casale Monferrato, Lanzo, Luserna, Mondovì, Oropa, Piamprato, Susa, Torino, Varallo Sesia, and Vercelli) were selected on the basis of their location in order to cover the whole region ( Fig. 1) as well as of the quality of the data records, i.e., no missing data (Venema et al., 2013) . The system of observation, started in 1986, and we used data until 2015 ( Table 1 ). The rainfall series passed a quality control Zandonadi et al., 2016) , and for each station an erosive events database has been created (Acquaotta et al., 2018a) . The erosive events were determined by the RUSLE criterion (Foster et al., 1981; Renard et al., 1997) . A threshold of 1.27 mm (0,05 inch) of precipitation in six hours was selected to represent breaks in rainstorms. Afterwards, rainstorms with less than 12.7 mm (0.5 inch) of precipitation were omitted from the EI 30 calculation. Foster et al. (1981) made an exception for rainstorm events of 15 min duration with at least one peak greater than 6.5 mm.
Recorded rainfall intensities showed different behavior for all the investigated stations confirming the observations made by Acquaotta and Fratianni (2013) . On the whole, 4626 detected storms recorded on a 10-min interval basis were used in the analysis. 
Rainfall erosivity index
The rainfall erosivity has been calculated by applying the RUSLE R (Renard et al., 1997) equation as proposed by Brown and Foster (1987) :
where n is the number of years of records, m j is the number of erosive events of a given year j, and EI 30 is the rainfall erosivity index of a singular event k. Thus, the R factor is the average value of the annual cumulative EI 30 over a given period. Quantitative evaluation of rainstorm erosivity (EI 30 ) requires rainfall kinetic energy and intensity values associated to 30-minute observation time intervals.
The kinetic energies of all the rainfall events have been evaluated as:
where E denotes the rainfall kinetic energy in MJ ha
and Ir is the rainfall intensity in mm h -1
. This equation type was tested and found adequate for Mediterranean and Southern European conditions by several authors (Coutinho and Tomas, 1995; Cerro et al., 1998) .
The maximum 30 min (0.5 h) intensity, I 30 (mm·h − 1 ), was calculated as:
where P 30 (mm) was the maximum accumulated rainfall depth in three contiguous 10 min intervals. The average EI 30 , as the mean erosivity of all rainfall events, is calculated. Event rainfall erosivity values (EI) were fitted to the event precipitation amount (P) by the Richardson et al. (1983) exponential relationship in Eq (1). The parameters a and b have been adjusted month-by-month to take account of intra-annual variations in rainfall characteristics.
The performance of the relations was assessed by computing the NashSutcliffe coefficient of efficiency (ME), which was calculated as follows (Nash and Sutcliffe, 1970) :
where i R is the mean of observed erosivity values, and i R and i R are the observed and predicted erosivity values for the ith pair of observations. ME indicates how close scatters of predicted values are to the line of best fit; this is similar to the coefficient of determination R 2 , without being markedly affected by outlier data. This validation statistic is commonly used in rainfall erosivity studies Petkovsek and Mikoš, 2004; Capolongo et al., 2008; Angulo-Martínez and Beguería, 2009) . The ME has a range between -∞ and 1.0 (perfect fit). ME value of 0 indicates that the model predictions are as accurate as the mean of the observed data. Generally acceptable levels of performance are between 0.0 and 1.0, whereas values <0.0 indicate that the simulated value is not a good predictor and the performance is unacceptable, while the mean observed value is a better predictor.
In agreement with Willmott and Matsuura (2005) and Angulo-Martínez and Beguería (2009), we did not use the root mean square error (RMSE) because it is highly biased by outlier data, and it is difficult to discern whether it reflects the average error or the variability of the squared errors.
The monthly exponential relationships derived for each of the twelve stations have been then applied to the daily rainfall series from 1986 to 2015 to create long-time erosivity series of Piedmont.
Trend analysis
Annual and seasonal time series were obtained by adding the daily erosivity values to the appropriate aggregation periods. Natural years (from January 1 to December 31) were used for the annual series, and the usual convention (winter = December to February, spring = March to May, summer = June to August, autumn = September to November) was used for the seasonal series.
The trends were computed using the Mann-Kendall (MK) test (Hirsch et al., 1992; Acquaotta et al., 2018b) , and the significance of the coefficients Z was checked for four different levels of probability (p≤0.001, 0.01, 0.05, and 0.10).
Results and discussion
In this study the exponential relationship of Richardson coefficient (Richardson et al., 1983) in Eq. (1) above was employed to obtain the a and b parameters calibrated monthly.
The values of these coefficients for each station are reported in Table 2 . Then, this regression equation, for each station, was used to developed erosivity series starting from daily data. The erosivity data have been plotted versus the real erosivity founding a strong relationship (Fig. 2) . The Nash-Sutcliffe efficiency model results (Table 2) are always higher than 0.39 showing a good performance of the twelve derived equations. Afterwards, starting from the daily rainfall series from 1986 to 2015, the daily erosivity equation of each month was applied to create annual, seasonal, and monthly series of rainfall erosivity.
Thereafter, using the MK test, annual, seasonal, and monthly time trends during the observation period were verified, and the MK test statistics are shown in Table 3 . Table 3 . Mann-Kendall trend test of rainfall erosivity using annual, seasonal, and monthly datasets of all Piedmont stations. The significance of the coefficients Z was checked for different levels of probability, p≤ ***0.001, **0.01,**0.05, and +0.10.
The annual rainfall erosivity experienced increasing trends in six series (Lanzo, Luserna, Mondovì, Piamprato, Varallo Sesia, and Vercelli) , whereas a decreasing trend characterizes the other series (Boves, Bra, Casale Monferrato, Oropa, Susa, and Torino) (Fig. 3) . Only four stations (Boves, Lanzo, Oropa, and Vercelli) show statistically significant trend in rainfall erosivity. To verify the environmental/economic impact of erosivity on agriculture, the mean annual erosivity of Piedmont has been plotted versus the wine grapes productivity from 1981 to 2015 (Fig. 4, ISTAT source) . The graph shows how an increase in annual erosivity often corresponds to a clear decrease in annual wine grapes productivity. Thus, the main important economic activities of the region are strongly affected by the soil loss caused by rainfall.
At seasonal and monthly levels, a different behaviour of rainfall erosivity emerges (Figs. 5 and 6) . During winter only three stations (Mondovì, Torino, and Vercelli) show an upward statistically not significant trend. The remaining stations experienced a decrease in rainfall erosivity, which is statistically significant for Oropa and Susa. The trend signal seems to be controlled by the decrease in rainfall erosivity during the months of December and January (downward, statistically significant trend for Bra), whereas during February a general increase is recorded (Table 3) . A downward trend is recorded during spring at seven stations, which is statistically significant for Boves and Oropa. From the monthly analysis it appears, that the main responsible for the overall spring trend is April, when many stations are characterized by a downward, statistically significant trend (Boves, Bra, Casale Monferrato, Mondovì, and Oropa). During March and May, many stations show an upward trend. In summer, an increase in rainfall erosivity is detected with the exception of the stations of Boves, Casale Monferrato, and Susa (Oropa and Torino show a stationary trend). It seems that no month is mainly responsible for the summer trend. A similar trend is recorded during autumn, without any statistically significant values. The monthly analysis shows that the autumn trend is mainly influenced by the rainfall erosivity behavior during November (upward, statistically significant trend for Bra, Casale Monferrato, Lanzo, Luserna, Mondovì, Piamprato, Susa, Torino, and Vercelli). 
Conclusions
In Piedmont, (Northwestrn Italy), viticulture is strongly affected by soil erosion caused by rainfall events. In this regards, the RUSLE rainfall erosion index or Rfactor for twelve pluviometric stations spread in the whole region was applied to obtain a set of daily rainfall time series from a 10-minute precipitation series. Those equations were applied to obtain the erosivity of a single erosive event from daily rainfall events greater or equal to 12.7 mm. After the application of the daily rainfall erosion index equations to the daily series of precipitation, the longterm trends of annual, monthly, and seasonal rainfall erosivity for the Piedmont region have been generated and analyzed. The main obtained results are:
− The annual rainfall erosivity experienced increasing trends in six series (Lanzo, Luserna, Mondovì, Piamprato, Varallo Sesia, and Vercelli), whereas a decreasing trend characterizes the other series (Boves, Bra, Casale Monferrato, Oropa, Susa, and Torino). Only four stations (Boves, Lanzo, Oropa and Vercelli) show statistically significant trend in rainfall erosivity.
− A widespread a decrease in rainfall erosivity, which is statistically significant for Oropa and Susa, has been recorded in winter.
− A downward trend is recorded at more than half of the stations during spring (especially in April), which is statistically significant for Boves and Oropa.
− An increase in rainfall erosivity is detected both in summer (statistically significant for Lanzo and Piamprato) and in autumn, especially during the month of November.
